The composition and pH of atrial-specific granules of rat heart were determined by electron probe x-ray microanalysis and fluorescence microscopy, respectively. The high (75 mmol/kg of dry weight) calcium content and higher than cytoplasmic concentration of chloride in atrial-specific granules were visualized in high-resolution x-ray maps. The C1-content of granules and cytoplasm decreased and a bromide gradient (granule > cytoplasm) was established during incubation in low-chloride, NaBr-containing solutions.
Scanning confocal fluorescence light microscopy of live atria incubated with acridine orange demonstrated dye accumulation, indicative of low intragranular pH. We conclude that the granules represent a hitherto unrecognized intracellular store of cardiac calcium and can develop and maintain an anion gradient, presumably through cotransport by means of a proton-pumping ATPase.
Atrial-specific granules (ASGs), described nearly three decades ago and present in the heart of most vertebrates (1, 2) , contain precursors of a family of vasodilator and natriuretic polypeptides, collectively called atrial natriuretic factor (ANF) (3) (4) (5) (6) (7) . The heart can function as an endocrine organ, releasing ANF in response to changes in atrial distending pressure and other stimuli (8) . We now show that ASGs share other properties of endocrine secretory granules, such as an acidic interior and the ability to establish a sizable anion gradient. We also show that these organelles have a high Ca content and are a hitherto unknown store of intracellular Ca in atrial myocardium. Based on the known sequences ofANF prohormone (9, 10) and the Ca-binding protein calsequestrin (11) , we suggest that the high Ca content of ASGs is probably due to binding to grouped acidic residues in the aminoterminal sequence of the prohormone. (-1640C) , and 100-to 200-nm-thick sections were cut with a cryoultramicrotome at -130'C. The sections were freeze-dried and analyzed by either electron probe microanalysis, in the spot mode (12, 13) , or x-ray mapping (14, 15) . Quantitative x-ray maps were acquired by collecting at each (19 nm) pixel an entire energy-dispersive x-ray spectrum in 5 sec, with a 10-nm (diameter), 10-nA electron probe from a high-brightness field-emission source, using a computer-controlled scanning system that includes a darkfield-image cross-correlation feedback loop to compensate for specimen drift. The characteristic elemental x-ray peaks were deconvoluted from the spectra with the multiple least-squares fitting routine used for stationary probe analy- 
METHODS AND MATERIALS

RESULTS
An electron micrograph of a crysosection of rapidly frozen rat atrial muscle ( Fig. la) illustrates the well-known clustering of ASGs at the nuclear poles and adjacent to the perinuclear space (17, 18) . ASGs are also distributed in other regions of atrial myocytes (17, 19) , but the data reported in this study are confined to those collected from granules at the nuclear poles, to avoid their possible confusion with corbular sarcoplasmic reticulum (17, 19, 20) . Averaged x-ray spectra of ASGs and of paired cytoplasmic regions are shown in Fig.  lb , and the results of the elemental quantitation are summarized in Table 1 . The Cl and Ca contents are much higher and the P content is lower in the ASGs than in the cytoplasm.
Based on x-ray continuum measurements (21) of the relative hydrations of ASGs and cytoplasm (55 paired analyses), the concentration of Cl-in solution is estimated to be 5.7-fold higher in ASGs than in the cytoplasm (194 vs. 34 mmol/liter of H20), yielding a calculated Cl-equilibrium potential of + 46 mV.
The elemental composition can be visually displayed in x-ray maps in which the brightness of the image is proportional to the prevalence of a given element (e.g., Ca, S. P, etc.) within the region rastered by the electron beam (14) . Ca are red and only P are green, whereas areas with both elements are yellow. The intensities of the four colors were contrast enhanced to indicate the relative elemental distributions, with the weakest intensity being the lowest and the brightest intensity being the highest number of atoms (peak counts with background subtracted) of each element in the section. X-ray maps (Fig. 2) of the nuclear pole region outlined in the cryosection illustrated in Fig. 1 show the high Ca and Cl and low P content of ASGs, with no such Cl -or Ca2 + compartmentalization in mitochondria or nucleus.
The high Cl -content of the ASGs could be due either to the sequestration of the anion during prohormone packaging and granule formation in the Golgi system (22) , if the granule membrane were impermeable to Cl-, or to a Cl-gradient established and maintained across a Cl--permeable granule membrane, as a result of a passive diffusion potential or active transport (23) . To determine whether the granule membrane is anion permeable and can develop, as well as maintain, an anion gradient, we incubated rat atria in solutions containing 20 mM NaBr and low (2.4 mM) Cl-. The Cl-content of granules and cytoplasm decreased and Brincreased during incubation. The gradients of Cl -(6.5) and Br-(6.2) in solution across the granule membrane were similar to the Cl -gradient in the control, nonincubated atria. The calculated Br-and Cl-equilibrium potentials (+48 to + 49 mV) were not significantly different from the control and were remarkably similar to the potential (+ 50 mV) measured in isolated chromaffin granules in the presence of ATP (23, 24) . Such anion accumulation would not be expected nor was it observed in mitochondria or nuclei. The calculated concentrations of Cl-and Br -in H20 in nuclei (Cl-, 11 mM; Br-, 8 mM) and mitochondria (Cl-, 12 mM; Br-, 8 mM) were not significantly different from the cytoplasmic concentrations ( Table 2 ). The K content of granules is considerably higher than expected on the basis of the above-calculated intragranular potential. This presumably indicates that most of the intragranular K+ is not in solution; low-affinity, relatively nonspecific cation binding is characProc. Nati. Acad. Sci. USA 85 (1988) Values in parentheses are concentrations in mmol/liter of H20, calculated on the basis of x-ray continuum measurements and cell H20 of 78% as described in the legend to Table 1 . For the computation of [Cl] and [Br] in mmol/liter of H20 we used only values where paired analyses of granules and cytoplasm in the same cell and with the same probe parameters were available (44 pairs). Note that the n values for the cytoplasmic wet and dry weight concentrations are different, accounting for the fact that Cl -/Br are not identical. The calculated H20 content of mitochondria and nuclei was 57% and 80%6, respectively. The calculated organelle hydrations of the NaBr-treated group were not significantly different from controls. Data were obtained from a total of four animals. Mitochondrial and nuclear data were obtained from two animals. The higher S concentration in these cells compared with the controls is likely due to some intracellular permeation of methanesulfonate. The higher K in the NaBr-treated cells is unexplained. Data are expressed as mean ± SEM.
teristic of acidic proteins, such as calsequestrin (25) (see Discussion) .
The ability of the ASGs to develop and maintain an anion gradient suggested the operation of an active transport mechanism. Proton-translocating ATPases of several secretory granules and Golgi-derived vesicles can cotransport anions with protons into the vesicular lumen having an acidic interior (26, 27) . To determine whether this mechanism may also operate in ASGs, we used fluorescence microscopy of the intravital stain acridine orange, a weakly basic fluorophor that has been used as a marker of acidic compartments (28, 29) . The use of laser-scanning confocal microscopy (15, 16) permitted examination of the intact atrial strip. The accumulation of acridine orange by ASGs is shown by the intensely fluorescent regions in Fig. 3 . Alkalinization with NH4Cl abolished the fluorescence (data not shown).
DISCUSSION
The Ca content (75 mmol/kg of dry weight) of ASGs is nearly as high as that of the terminal cisternae (30) (120 mmol/kg of dry weight) of the sarcoplasmic reticulum of amphibian skeletal muscle. Considering that ASGs occupy some 0.65% of the cell volume (19) , their Ca2+ content accounts for -0.5 mmol/kg of dry weight or 17% of total cell Ca. This, together with the more extensively developed sarcoplasmic reticulum (31) , also explains the higher Ca in atrial than in ventricular muscle (32) . The high Ca content of ASGs may represent a property common to many (e.g., refs. 33 and 34), but not all, secretory vesicles generated by the Golgi apparatus. In ASGs, it probably reflects Ca binding to the ANF prohormone that is the major protein component ofisolated granules (4) . The prohormone sequence contains grouped acidic (glutamic and aspartic) residues (9, 10) that are likely candidates for Ca binding and are also present in large numbers (>20) in the Ca-binding protein calsequestrin (11) .
The sequence ofthe active ANF peptide contains no acidic residues, raising the question whether the (amino-terminal) Ca-binding portion of the sequence has an independent physiological function. This question is ofparticular interest, in view of the presence of high concentrations of circulating amino-terminal (98-peptide) fragment in rat plasma (35) .
We consider it most likely that the high C1-content of ASGs is due to cotransport by an electrogenic protonpumping membrane ATPase (26, 27) , similar to that found in chromaffin (24) and other endocrine secretory granules and in the "parent" Golgi system (23, 26) . This possibility is supported by the acidic pH of ASGs revealed by acridine orange fluorescence (Fig. 3) .
Note. Since the submission of our mansucript, an electron probe analytic study also showed a Cl -gradient, although not as large as in ASGs in chromaffin cells (36) .
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